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Available online xxxxA series of piston cylinder experimentswere conducted to determine the partition coefﬁcient of Cu between am-
phibole and andesitic to rhyolitic silicate melts. The experiments were run at T= 740–990 °C, P= 0.7 GPa, ox-
ygen fugacity (fO2) ranging from that of the Ni-NiO buffer (NNO) to 2.3 log units higher (NNO + 2.3 and
dissolved water in variable concentrations (under-saturated to saturated conditions). Fixed metal activities
were imposed by using Au97Cu3 and Au92Cu8 alloy capsules, which allowed simultaneously determination of
Cu solubility. Our data demonstrate that Cu solubilities in both the silicate melt and amphibole decrease with de-
creasing temperature. The solubility of Cu decreases by a factor of 6 from 990 to 740 °C in equilibrium with an-
desitic to rhyolitic melt compositions. The average amphibole/silicate melt partition coefﬁcient of Cu [DCu
(amph/melt)] is 0.066 ± 0.006, and is essentially constant without showing any correlation with silicate melt
composition, dissolved water concentration, temperature or fO2.
The low DCu (amph/melt) value suggests that amphibole crystallizing at any stage of calc-alkaline magma evolu-
tion is unable to scavenge a signiﬁcant fraction of the initially available Cu from the melt. However, DCu (amph/
melt) is high enough to yield preciselymeasurable Cu concentrations in natural amphiboles. As DCu (amph/melt)
results constant along the liquid line of descent of calc-alkaline magmas, amphibole compositions may thus be
used as a proxy to monitor the evolution of the Cu concentration in the silicate melt (not the bulk magma if sul-
ﬁde is present). This may be useful for understanding the metallogenic evolution of intrusive rocks, in which sil-
icatemelt inclusions inminerals are generally absent. Asmost porphyry-type Cu ore deposits are associatedwith
upper crustal intrusions, in-situ microanalysis of inclusion-free amphiboles in such rocks may help understand
ore genesis andmight also be used inmineral exploration to assess the fertility of prospectivemagmatic systems.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Ore genesis1. Introduction
Porphyry copper deposits are the world's most important source of
Cu, supplying over two thirds of the total Cu production (Sillitoe,
2010). They are typically associated with subduction-related
magmatism at convergent plate margins (Sillitoe, 1972; Richards,
2003). Ore-metals are transported by magmas from the mantle wedge
to the upper crust, and subsequently partition into the volatile phase,
which exsolves in response to decompression and crystallization
(Burnham, 1979; Candela and Holland, 1984; Hedenquist and
Lowenstern, 1994). During partial melting, the concentration of Cu in
silicate melts may be inﬂuenced by several parameters, including com-
position and redox state of the generated magmas, pressure (P) and), zajacz@es.utoronto.ca
h.heinrich@erdw.ethz.ch
. This is an open access article under
per partitioning between silic
l. (2016), http://dx.doi.org/10temperature (T) (e.g. Stolper and Newman, 1994; Ulmer, 2001;
Mungall, 2002; Lee et al., 2005; Lee et al., 2010; Evans, 2012; Grove et
al., 2012). In addition, the potential presence of sulﬁdes and oxides is
thought to affect Cu extraction from themantle source andmay also in-
ﬂuence the evolution of Cu concentrations in the silicate melt along the
liquid line of descent (Carroll and Rutherford, 1985; Candela and Piccoli,
1995; Jugo et al., 1999; Hattori and Keith, 2001; Halter et al., 2005;
Simon et al., 2008; Jugo, 2009; Zajacz et al., 2013).
Magmatic-hydrothermal ores contain N5000 ppmCu, whereas rath-
er low-Cu concentrations are usually found (typically tens to a few hun-
dred ppm) in arc magmas, indicating that hydrothermal processes are
the most important ﬁnal Cu enrichment step (Williams-Jones and
Heinrich, 2005; Sillitoe, 2010; Weis et al., 2012; Heinrich and Candela,
2014). More debated is the question whether particular magma source
conditions in the mantle wedge and lower crust are essential prerequi-
sites for subsequent formation of porphyry copper deposits in the upper
crust (e.g. Cline and Bodnar, 1991; Core et al., 2006; Timm et al., 2012;
Richards, 2013; Wilkinson, 2013). During magma storage at lower to
mid crustal- level (21–15 km below the surface), the budget of Cu isthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Compositions of starting materials (wt%).
SMC RN8 RN11 RN13V2
SiO2 50.20 57.92 61.40
TiO2 0.84 0.61 0.26
Al2O3 18.82 16.72 15.67
Fe2O3 1.71 0.88 0.47
FeO 6.71 3.04 1.47
MnO 0.17 0.18 0.18
MgO 4.54 2.28 1.59
CaO 8.02 5.22 3.79
Na2O 2.90 3.63 4.00
K2O 0.97 1.46 1.72
P2O5 0.16 0.26 0.30
H2O 4.96 7.81 9.15
Total 100.0 100.0 100.0
SMC: starting materials.
RN8: andesitic composition; RN11: dacitic composition; RN13V2: rhyolitic composition.
All starting materials represent calc-alkaline arc magmas and were selected from
Nandedkar et al. (2014).
2 Y.-J. Hsu et al. / Chemical Geology xxx (2016) xxx–xxxprimarily controlled by magmatic differentiation which may involve
the saturation of a minor sulﬁde melt besides the crystallization of
silicate and oxide minerals (e.g. Carroll and Rutherford, 1985; Jugo et
al., 2010; Lee et al., 2012). Therefore, knowledge of the partition
coefﬁcients of Cu (DCu) between crystallizing silicate, oxide and sulﬁde
minerals, sulﬁde melts and magmatic volatiles is essential in order to
determine the enrichment of Cu in residual melt and the efﬁciency of
eventual Cu transfer into the shallow-level magmatic-hydrothermal
system forming the deposit. Among the crystallizing minerals, amphi-
bole is stable across a wide P–T range in hydrous arc magmas (Eggler,
1972; Allen and Boettcher, 1978; Allen and Boettcher, 1983; Naney,
1983; Ulmer, 2007; Nandedkar et al., 2014) and thought to be the
dominant crystallizing mineral phase during magma differentiation in
lower crustal reservoirs leading to fertile porphyry-mineralizing
magmas (Rohrlach and Loucks, 2005; Richards, 2009; Loucks, 2014).
Amphibole indicates hydrous magma composition, which is a basic
requirement for the later production of aqueous ore ﬂuids (Cawthorn
and Ohara, 1976).
Previous experimental studies of DCu (mineral/melt) for mantle
minerals including olivine, cpx, opx, spinel, and garnet showed that Cu
behaves as an incompatible element during mantle melting and esti-
mated a bulk DCu (mantle/melt) of ~0.2 (in the absence of any sulﬁde;
Fellows and Canil, 2012). Liu et al. (2014) determined that within P-T-
fO2 conditions of the upper mantle, DCu (mineral/melt) values are
0.04–0.14 for olivine, 0.04–0.09 for opx, 0.02–0.23 for opx, 0.19–0.77
for spinel and 0.03–0.05 for garnet, which implies that the bulk DCu
(mantle/melt) is likely smaller than the estimate by Fellows and Canil
(2012) in the absence of sulﬁdes in the mineral assemblage. As the
sulﬁde/silicate melt partition coefﬁcients of Cu are much higher (i.e.
DCu (sulﬁde/silicate melt) ranging from few hundreds to over a
thousand; Gaetani and Grove, 1997; Ripley et al., 2002; Li and
Audetat, 2012; Li and Audetat, 2013; Li and Audetat, 2015), it is likely
that the much of the Cu budget of the mantle wedge is distributed
between sulﬁde minerals/melts and the silicate melt during mantle
melting if sulﬁdes are present. Amphibole generally only saturates
upon ascent to and during initial fractionation in the lower crust,
where it is amajor fractionating phase due to suppression of plagioclase
stability at high pressure (Naney, 1983; Ulmer, 2001; Ulmer, 2007), as
evidenced by the high Sr/Y ratio of most porphyry-mineralizing
magmas (Rohrlach and Loucks, 2005). At the same time, sulﬁdes are
thought to be destabilized duringmagma ascent due to their increasing
solubility in the silicatemeltwith decreasing pressure (Mavrogenes and
O'Neill, 1999).
Amphibole/silicatemelt partition coefﬁcients of Cu determined from
natural phenocryst-matrix pairs scatter widely from 0.05 to 16 (Luhr
and Carmichael, 1980; Liotard et al., 1982; Dostal et al., 1983; Ewart
and Grifﬁn, 1994). The high values most likely represent an artifact as
natural phenocrysts occasionally contain submicroscopic sulﬁde
inclusions, which could have contaminated some of the amphibole
analyses (Lee et al., 2012). Initial experimental data suggested a value
of DCu (amph/melt) in excess of 1 for basanitic melt (Adam and Green,
2006; Adam et al., 2007), which would imply that amphibole should
be a major phase extracting Cu from crystallizing magmas. These
inconsistent and highly scattered data appear to contradict a recent
study by Liu et al. (2015), indicating that Cu is relatively incompatible
in amphibole relative to intermediate to felsic melts (DCu (amph/
melt) = 0.04–0.20) at upper-mantle temperatures (950–1100 °C; Liu
et al., 2015). However, even these recent data have considerable scatter
and do not extend to lower-temperature conditions typical for crustal
fractionation.
In this study, we conducted a series of experiments covering a range
of silicate melt compositions (andesitic to rhyolitic) in order to system-
atically assess the effects of melt composition, P and T and oxygen
fugacity (fO2) on DCu (amph/melt). The experiments also yielded
apparent Cu solubilities in the silicate melt and the amphibole as
known metal activities were imposed by the capsule alloy.Please cite this article as: Hsu, Y.-J., et al., Copper partitioning between silic
leading to porphyry copper ore..., Chem. Geol. (2016), http://dx.doi.org/102. Experimental techniques
All experiments were conducted in solid-media piston-cylinder ap-
paratus (end-loaded type) with 14 mm piston bores at ETH Zurich.
We employed NaCl-pyrex-MgO-BN assemblies with straight graphite
furnaces. A minus 3% correction for friction was applied to the nominal
pressure for all experiments. The temperatures were measured with a
B-type Pt94Rh6/Pt70Rh30 thermocouple, and are thought to be accurate
within ±10 °C. For two experiments, the run temperatures were
retained bymaintaining the power at the value established before ther-
mocouple failure occurred. Experimentswere conducted in the temper-
ature range of 740–990 °C and at a pressure of 0.7 GPa.
Andesitic to rhyolitic starting melt compositions were selected
representing typical arc magma compositions produced by mid to
lower crustal fractional crystallization from a near-primary olivine-tho-
leiite dike from the southern part of the Tertiary Adamello batholith
(Ulmer, 1986; Ulmer, 2001). The starting materials in this study were
selected based on the fractional crystallization experiments of
Nandedkar et al. (2014) conducted at 0.7 GPa to ensure the stability of
amphibole. Starting sample powders were mixed from oxide- and sili-
cate-based chemicals, and desired H2O content was added in the form
of AlOOH and Al(OH)3; starting compositions are given in Table 1.
Small amounts of Rubidium and Cesium (300 ppm) were additionally
added in the form of chlorides and used as monitors to select contami-
nation-free amphiboles from LA-ICPMS analysis.
Since commonly used capsule materials such as Au and Pt readily
alloy with Cu, the loss of Cu from the experimental assemblages during
the run would inhibit the determination of accurate Cu solubilities and
partition coefﬁcients. Therefore, we prepared Au\\Cu alloy tubing in
house by employing the method described in Zajacz et al. (2011). The
desired amount of Cu was electroplated on the surface of a pure Au
tube followed by heat treatment to allow Cu to diffuse into the Au.
The evenly distributed and homogeneous Au\\Cu alloy tubes were
carefully checked by measuring the increase in weight of the gold-cop-
per tube after electroplating andheat treatment individually. Two alloys
with Au97Cu3 (97 mol% Au and 3 mol% Cu) and Au92Cu8 compositions
were prepared, yielding Cu activities from 0.0097 to 0.0218 (Sundman
et al., 1998). As the capsule alloy serves as a source of Cu, this method
eliminates the loss of Cu during the experiment and yields adequate
Cu concentrations in the amphibole crystals for precise LA-ICPMS anal-
ysis. Because themass of the capsulemetal itself is typicallymuch larger
than that of the encapsulated starting material (about 180 mg Au\\Cu
alloy containing 10 mg starting material), the composition of the alloy
changes very little over the experimental run duration; therefore, the
activity of Cu is buffered by the capsule at a nearly constant value.
For all experiments, we used double capsules with an inner Au\\Cu
alloy capsule (3 mm OD, 2.75 mm ID) enclosing the starting materialate melts and amphibole: Experimental insight into magma evolution
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alloy capsule.Water spikedwith 300 μg/g of Cs andRbwas either direct-
ly loaded into the inner capsule or added to the starting powder and
evaporated, depending on the targeted water concentration in the
silicate melt. These elements are known to behave highly incompatible
in amphibole (Adam and Green, 2006) and were, therefore, used to
detect and eliminate potential contamination of the amphibole analysis
by tiny silicate melt inclusions. In order to evaluate the effect of fO2 on
Cu solubility and partitioning, Re–ReO2 (20:80 in molar proportion)
and Ni-NiO (10:90 in molar proportion) buffer assemblages were
employed (about 100–120 mg buffer together with sufﬁcient Milli-Q
water loaded into the outer capsules). The preservation of the buffer
assemblages was conﬁrmed by using a reﬂected light microscopy and
back scattered electron (BSE) imaging on the electron microprobe.
Capsules were crimped and welded shut using an arc welder. The
integrity of the capsules after welding was conﬁrmed by checking for
weight loss after holding them at 110 °C for 12 h. The piston cylinder
run durations ranged from 50 to 97 h. A summary of experimental con-
ditions is given in Table 2.Estimation of the fO2
The oxygen fugacity (fO2) was constrained by the water activity in
the silicate melt; therefore, the water solubility model of Papale et al.
(2006) was used to calculate the maximum amount of water dissolving
in the silicate melt in our experiments. The value of fO2 in the internal
capsules was corrected for the effect of reduced water activity in the
water under-saturated experiments. Water activities were estimated
by comparing the water concentrations determined by Raman-spec-
troscopy in the run product glass to water solubility values estimated
for each experiment speciﬁcally using the model of Papale et al.
(2006). For the two H2O-saturated experiments (Run#19 and #21)
and Run#28 that resulted inwater-saturated conditions upon equilibra-
tion, a water activity of 1 was assumed. For most experiments, the oxy-
gen fugacity was imposed by the Re-ReO2 buffer assemblage, and the
corrected fO2 values fall between NNO + 1.36 and NNO +2.29 log
units (Robie et al., 1979; O'Neill and Pownceby, 1993; Pownceby and
O'Neill, 1994). In experiment #28, though theNi-NiO buffer assemblage
reacted with the Au\\Cu alloy capsule, pure Ni metal was still present
after the experiment. The estimated fO2 for this experiment corre-
sponds, therefore, to NNO + 0 as the experiment was H2O-saturated.
The calculated fO2 values are reported in Table 2.Table 2
Experimental run conditions and phase assemblages from experiments at 0.7 GPa.
Run no. SMC Temp (°C) Time (hr) Capsule material (aCu) a Imposed fO2 Initia
#15 RN8 990 50 Cu3Au97
(0.0106)
Re-ReO2 4.96
#19 RN11 900 66 Cu3Au97
(0.0097)
Re-ReO2 H2O-
#21 RN13V2 740 86 Cu8Au92
(0.0170)
Re-ReO2 H2O-
#28 RN11 880 66 Cu8Au92
(0.0206)
Ni-NiO 7.81
#31 RN11 930 69 Cu8Au92
(0.0218)
Re-ReO2 7.81
#51 RN11 840 72 Cu8Au92
(0.0196)
Re-ReO2 7.81
Abbreviations: gl - silicate melt glass, amph - amphibole, plag - plagioclase, mag - titanomagne
∑R2: residual sum of squares of lest square regression.
a Copper activity (aCu) was calculated from the Cu\\Au binary phase diagram in the FactSag
b “H2O-rich” refers to experiments where Cs and Rb were added in solution form (i.e. water
c Modal proportions were calculated using non-weighted, least-squares regression (LSR) an
d The log fO2 (ΔNNO) valueswere calculatedbasedonPownceby andO'Neill (1994) for theR
calculated based on thermodynamic data fromRobie et al. (1979).Water activitywas taken into
H2O-solubility model (Papale et al., 2006); water activity of 1 was considered for the H2O satu
Please cite this article as: Hsu, Y.-J., et al., Copper partitioning between silic
leading to porphyry copper ore..., Chem. Geol. (2016), http://dx.doi.org/103. Analytical methods
3.1. Electron microprobe
Experimental run products including silicate melt and crystalline
phases were analyzed with a JEOL JXA-8200 electron microprobe at
ETH Zurich. A 15 kV accelerating voltage was used. Glasses were ana-
lyzedwith a 20 μmbeamdiameter and7 nA sample current tominimize
alkali-migration during analysis. Crystalline phases were analyzed with
a focused beam and 20 nA of beam current. Peak and background
counting times were 20 and 10 s for Si, Al, Mg, Ca, Na, K, Fe, 40 s and
20s for Ti and Mn, and 60 s and 30 s for P. Wollastonite (Si and Ca), an-
orthite (Al), periclase (Mg), rutile (Ti), pyrolusite (Mn), fayalite (Fe), K-
feldspar (K), albite (Na), F-apatite (P) and busenite (Ni) were used as
standards. The accuracy of analysis was conﬁrmed by regularly analyz-
ing a natural pargasite (Finland; H076 ETH identiﬁcation number) and
the Smithsonian VG A-99 basalt glass as secondary standards.
The nominal H2O concentrations in the run product glasses were es-
timated by the bulkH2O concentrations in the startingmaterial and tak-
ing into account the mass proportion of run product melt and mineral
phases.3.2. Laser ablation-ICPMS
The concentration of trace elements, including Cu, were determined
by laser ablation-ICPMS at ETH Zurich, using a prototype ArF excimer
laser ablation system (193 nm) attached to a highly sensitive sector-
ﬁeld ICP-MS (Thermo Element XR). A mixed He\\Ar carrier gas was
used to optimize ablation characteristics and improve detection limits
(Guillong and Heinrich, 2007). The beam energy density on the ana-
lyzed amphibole and silicate glass was adjusted to 7 J/cm2 and a repeti-
tion rate of 10 Hzwas used. Each analysis consisted of 30–40 s gas blank
followed by 10–40 s sample measurement. Analyses of 15–20 un-
knowns were bracketed by the measurements of the NIST SRM 610
glass external standard to allow linear drift correction. The 12 orders
of magnitude linear dynamic range of the detector facilitated the simul-
taneous determination of major (up to 100 wt.%) and trace elements
(down to sub-μg/g level) concentrations. For the silicate melt phase
(quenched glass), 30–40 μm beam diameters were used, except for
Run#51 (15 μm was used due to the smaller melt fraction); whereas
variable beam diameters of 15 to 40 μmwere used for amphiboles de-
pending on the size of the crystals. The concentrations were quantiﬁedl H2O wt% Phases assemblages and proportions (in wt%)c ∑R2 log fO2 (ΔNNO)d
gl (81), amph (17), plag (b2), mag (2) 0.22 +1.36
richb gl (91), amph (8), mag (b2), usp (b2) 0.77 +2.05
richb gl (89), amph (6), plag (5) 1.03 +2.29
gl (85), amph (14), plag (2), usp (b1) 0.40 +0
gl (94), amph (6) 0.15 +1.71
gl (54), amph (14), plag (30), usp (2) 0.23 +1.85
tite, and usp - ulvospinel.
e database (Sundman et al., 1998).
-saturated).
alyses.
e-ReO2, andO'Neill andPownceby (1993) for theNi-NiO equilibria. Pressure correctionwas
account and correctedusingmeasuredH2O-concentrations in the silicatemelt glass and an
rated experiments.
ate melts and amphibole: Experimental insight into magma evolution
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Table 3
LA-ICPMS analytical conditions.
Excimer 193 nm ArF laser compex 110I
Energy density on
sample
~7 J/cm2, homogenous energy distribution
Pulse duration 15 ns
Repetition rate 10 Hz
Pit sizes 20 to 40 μm for silicate glass, 15 to 40 μm for amphibole
crystals
Ablation cell 8 cm3
Cell gas ﬂow 1.15 l/min He +5 ml/min H2
Thermo Element XR ICP-MS
Nebulizer gas ﬂow 0.8 l/min
Auxiliary gas ﬂow 0.85 l/min
Cool gas ﬂow 15 l/min
RF power 1450–1550 V
Detector mode 12 order of magnitude linear dynamic range
Autolens On, daily tuned
Data acquisition parameters
Dwell time per
isotope
10 ms for 23Na, 25Mg, 27Al, 39K, 43Ca, 49Ti, 51V, 53Cr, 55Mn,
57Fe, 88Sr, 89Y, 140Ce and 147Sm, 30 ms for 85Rb and 133Cs, and
50 ms for 65Cu
Oxide production
rate
b0.4% ThO
4 Y.-J. Hsu et al. / Chemical Geology xxx (2016) xxx–xxxby using the total of the major element oxides as an internal standard.
These latter values were based on the EMPA analyses of the same
glasses and amphibole crystals. In addition, USGS BCR-2G glass standard
was repeatedly measured as an unknown to monitor the accuracy and
reproducibility of our LA-ICPMS analyses. Detailed analytical conditions
are provided in Table 3.
3.3. Data quantiﬁcation
The data from LA-ICPMS analyses were quantiﬁed by using the SILLS
software, which allows the selection of multiple integration intervals
from one signal (Guillong et al., 2008). Amphibole crystals were rela-
tively small in some run products (i.e. Run#28 and #51; 10–20 μm)
and silicate melt contamination of the analyses were hard to avoid in
these samples. The respective contributions of the silicatemelt and am-
phibole to such signals were deconvoluted using a method previously
developed for silicate melt inclusion analysis (Halter et al., 2002). The
procedure assumed that Cs is not incorporated in amphibole (i.e. consis-
tent with DCs (amph/melt) of 0.003; Adam and Green, 2006 and our
owndetermination that resulted ≤0.004) and the contribution of the sil-
icate melt to the mixed amphibole-melt signal was subtracted using el-
ement count rate ratios derived from pure silicate glass analysis (Fig. 1).
In general, monitoring the Cs signal allowed us to ensure that all amphi-
bole analyses were free of silicate melt contamination.
3.4. Micro-Raman spectroscopy
The H2O contents of experimental glasses were quantiﬁed bymicro-
Raman spectroscopy. Raman scattering was excited using a 514.5 nm
diode laser and measured with a Dilor Labram II confocal micro-
Raman spectrometer. The laser beamwas focused 5 μmbelow the sam-
ple surface with a spot size of 1–2 μm in confocal mode. Spectra were
obtained in the 180–1500 and 2800–3900 cm−1 ranges to cover low
and high frequency T-O stretching and vibration modes and the OH/
H2O stretching regions. Three different spots were analyzed on each
sample. The acquisition time was 120 s. The spectra were processed
using Origin 9.1® software employing a cubic baseline correction
scheme Quantiﬁcation was obtained by acquiring Raman spectra of a
total of 20 synthetic glasses with known H2O-concentrations ranging
in composition from olivine-tholeiite to rhyolite and H2O-contents
from anhydrous to 10 wt%. The relative peak ratios of the OH/H2O
peak(s) to either the low (LF, 470–510 cm−1) or the high frequency
(HF, 960–1120 cm−1) silicate vibrationmodes was calibrated as a func-
tion of H2O content and the LF/HF ratio similar to Di Muro et al. (2006)
and Mercier et al. (2009). Two calibration curves were deﬁned, one for
the range olivine-tholeiite to andesite and a second for dacite to rhyolite
as no single, straightforward algorithm allowed ﬁtting over the entire
compositional range. Accuracy of the method is estimated at
±0.5 wt% H2O, results are reported in Table 2.
4. Results
4.1. Achievement of equilibrium
In this study, we used Cu\\Au alloy capsules to ensure constant Cu
activities. This alloy is also well-suited as it minimizes Fe loss during
the experiment. A close approach to equilibrium in our experiments
was ensured by using ﬁne-grained startingmaterials of b10 μmcoupled
with run durations that allowed diffusive equilibration of the melt and
mineral phases. The high dissolved water concentration in the melt fur-
ther aided rapid equilibration. Homogeneous compositions of silicate
melt and crystallized solids were observed within most experimental
products with respect to all analyzed major and trace element concen-
trations throughout the entire capsule conﬁrming the achievement of
equilibrium. It is important to note, however, that in Run#28, amphi-
bole crystals commonly showed slightly divergent rim and corePlease cite this article as: Hsu, Y.-J., et al., Copper partitioning between silic
leading to porphyry copper ore..., Chem. Geol. (2016), http://dx.doi.org/10compositions with a sharp boundary separating them. This was proba-
bly a result of dissolution/precipitation processes (Koepke et al.,
2004). Moreover, in the same experiment, a group of unknown high-
Ni phases showed needle-shaped crystals near the silicate melt-capsule
alloy interface. These crystals likely formed in response to diffusion of Ni
into the internal capsule from the redox buffer. Amphiboles near the
capsule wall contained slightly higher Ni concentration than those in
the middle of the capsule. Since Cu diffused into the melt from the cap-
sule alloy in a short time, and the run duration was long enough for the
attainment of phase equilibrium, there was no variation in Cu concen-
trations in the amphibole crystals and in the liquid phase. Therefore, a
close approach to equilibrium or local equilibrium condition was
achieved. We used amphibole and silicate glass analyses only from the
central part of the capsule to calculate DCu (amph/melt) in this experi-
ment to eliminate any potential bias caused by Ni contamination.
4.2. Run products and phase proportions
Experimental conditions, run product phase assemblages and phase
proportions are summarized in Table 2. Six experiments were conduct-
ed at 0.7 GPa and temperatures ranging from 740 to 990 °C with fO2
values ranging between NNO + 0 and +2.29. The stable phase assem-
blage consisted of amphibole ± plagioclase ± titanomagnetite /
ulvospinel. Co-existing silicate glass and amphibole crystals were ob-
served in all experimental run products. Small amounts of vapor bub-
bles were present in the run product glasses likely caused by the
presence of a small amount of CO2. This should, however, not affect sig-
niﬁcantly the phase relations and mineral assemblages (see detailed
discussion in Newman and Lowenstern, 2002; Nandedkar et al., 2014).
Amphibole typically formed idiomorphic crystals of 20 μm up to
100 μm in size (Fig. 2) except for one experiment (Run#28), where am-
phibole crystal sizes were b10 μm (Fig. 2d). Plagioclase was often found
as tabular crystals or crystal aggregates (Fig. 2a, c, d and f) andwas pres-
ent inmost runs expect for Run#19 and Run#31. The absence of plagio-
clase in Run#19was possibly due to the higher water concentrations in
the melt (11.3 wt.% as opposed to 8.7 wt% in Nandedkar et al., 2014),
which suppressed the stability of plagioclase (Sisson and Grove, 1993;
Baker et al., 1994); in Run#31 the absence of plagioclase is attributed
to slightly higher temperature (930/920 °C) and fO2 conditions
(NNO + 2.05 / NNO + 0) compared to Nandedkar et al. (2014, 2016).
Minor amounts of Fe\\Ti oxides were usually associated with plagio-
clase. Overall, our results concur with the fractional crystallization se-
quence of calc-alkaline magmas, and are consistent with previousate melts and amphibole: Experimental insight into magma evolution
.1016/j.chemgeo.2016.11.019
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The modal proportions of the various phases in the run products
were calculated by using non-weighted, least-squares regression
(LSR) analysis based on mass balance of the nominal composition of
the startingmaterial and the averages of the composition of all analyzed
phases in the run products (details in Villiger et al., 2007; Nandedkar et
al., 2014). Overall, the liquid proportion ranged from 55 to 93% and the
mass fraction of amphibole varied between 6 and 17% (Table 2).
4.3. Major element compositions of silicate melt and amphibole
Silicate melts
The major element composition of the run product glasses is sum-
marized in Table 4.Melt compositions ranged from andesitic to rhyolitic
(57.2–72.4wt% SiO2; anhydrous basis) at T=990–740 °C. The degree of
polymerization can be described by the NBO/T parameter (the number
of non-bridging oxygens per tetrahedral cation) which ranged from
0.16 to 0.01 in our experiments on an anhydrous basis (Table 4). Liquid
compositions changed frommetaluminous at highest temperature (the
aluminum-saturation index (ASI) = 0.98 at 990 °C) to peraluminous at
lower temperature (ASI = 1.34 at 740 °C).
Water concentrations in the silicate melts were estimated from ini-
tial H2O contents and mass balance (amount of liquid and amphibole
present, denoted “Nom. H2O” in Table 4) and amount to 5.7–14.0 wt%
for experiments containing only H2O provided as hydroxides in the
starting materials; Run#19 and #21 contained additional H2O added
by micro-syringe and were H2O-saturated (total H2O N 25 wt%).
Water concentrations in the product glasses were determined by
microRaman spectroscopy and estimated from EPMA totals (Table 4):
H2O concentrations derived from EPMA totals are systematically higher
than H2O-concentrations determined by Raman spectroscopy by 1.4 to
3.1 wt% increasing with increasing total dissolved H2O. H2O-concentra-
tions correspond within error to the water solubilities predicted by the
model of Papale et al. (2006) for Runs#19, #21 and #28 amounting to
11.0–11.4 wt.%; Runs#15, #31, and #51 result H2O-concentrations
lower than the calculated solubility limit andwere, thus, H2O-undersat-
urated. The experiment at 840 °C (Run#51) resulted an H2O concentra-
tion of 7.5 (±0.5) wt% indicating that there is less H2O dissolved in the
silicate melt than the nominal concentration (14 wt%) and the calculat-
ed solubility limit of pure H2O of 10.4 wt%. The exact cause for this dis-
crepancy is not known, but it either indicates limited H2O-loss during
the experiment and/or the presence of a limited amount CO2 that
lowers the H2O-solubility (for a detailed discussion see Nandedkar et
al., 2014). Calculation reveals that ~5000 ppm of CO2 would limit the
H2O solubility to 7.5 wt% in the melt at 840 °C corresponding to a bulk
XH2O of 0.97 that most likely does not affect phase equilibria
signiﬁcantly.
Amphibole
Major element compositions of run product amphiboles are report-
ed in Table 5. The compositions of amphiboles from individual experi-
ments were homogeneous with respect to both major and trace
element concentrations except for the amphiboles in the Ni-NiO
buffered experiment (Run#28). All amphibole compositions wereFig. 1. Transient signals from LA-ICPMS analyses to illustrate the data reduction method
employed for small amphibole crystals. There are three time intervals on a complete
ablation signal, including instrument “background (gray)” before ablation, signal of
“mixed amphibole + silicate melt (blue)”, and “silicate melt (green)”. The transient
signal from the host matrix of the silicate melt (a) shows relatively high sensitivities of
Cu, Rb and Cs compared to the transient signal of a large amphibole crystal (b). The
interval of “mixed amphibole + silicate melt” (c) comprises the ﬁrst sharp increase of
those elements enriched in the amphibole phase such as Mg, Fe, Ti and V accompanying
depleted abundances of Cu, Rb and Cs, through to the decay of the amphibole signal
back to the host-matrix. The composition of the amphibole crystals can be obtained by
subtracting signals of the host matrix with a quantiﬁcation method similar to that used
for ﬂuid and melt inclusion analysis.
ate melts and amphibole: Experimental insight into magma evolution
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Fig. 2. Back-scattered electron (BSE) images of representative run products. (a) Run#15 (andesite melt, 990 °C) depicting idiomorphic amphibole crystals with minor magnetite crystals,
and tiny plagioclase often forming clusters distributed within silicate melt (glass); (b) Run#19 (dacite melt, 900 °C) illustrating large amphibole crystals within silicate melt. (c) Run#21
(rhyolitic melt, 740 °C) only crystallized very small amphibole crystals with silicate melt + plag. (d) Very small crystals were found in Run#28 (dacite melt, 880 °C). Amphibole form
prismatic or needle-like crystals associated with plagioclase aggregates; (e) Run#31 (dacite melt, 880 °C) crystallized large idiomorphic amphibole crystals (N100 μm) together with
silicate melt. (f) Run#51 (rhyolitic melt, 840 °C) contains idiomorphic amphibole crystals + plag aggregates + ulvospinel clusters.
6 Y.-J. Hsu et al. / Chemical Geology xxx (2016) xxx–xxxnormalized to cations on the basis of charge balance (46 positive
charges without OH, F, Cl; Spear and Kimball, 1984), applying a ﬁxed
ferric to total iron ratio (Fe3+ / Fetot) of 0.3 slightly higher than the
value of 0.22 determined by Clowe et al. (1988) for a tschermakitic am-
phibole synthesized at NNO and consistent with overall higher fO2 condi-
tions (NNO − NNO + 2.3) and the experiments of Nandedkar et al.
(2016) who investigated the partitioning of a large number of trace ele-
ments (except Cu) between amphibole and liquid employing identical
technique and the same starting materials at NNO adopting an Fe3+ /
Fetot ratio of 0.267 for their amphiboles. Amphiboles crystallized at high
temperatures (T=990–900 °C) are pargasites,whereas those crystallized
at lower temperature (T = 840–740 °C) are (magnesio-)hornblende
Fig. 3). Amphiboles crystallized at intermediate temperature but at a
lower fO2 of NNO (Run#28) are tschermakitic hornblendes (Leake et al.,
1997; Leake et al., 2004). The compositions of run product amphiboles
are illustrated in Fig. 3. The results are consistent with the results of
Nandedkar et al. (2014), which showed that the composition of amphi-
bole shifts from pargasite at high temperature to (magnesio-)hornblende
in dacitic liquids to cummingtonite in rhyolitic liquids. TetrahedrallyPlease cite this article as: Hsu, Y.-J., et al., Copper partitioning between silic
leading to porphyry copper ore..., Chem. Geol. (2016), http://dx.doi.org/10coordinated aluminum (Al4+) strongly decreases with decreasing tem-
perature, whereas octahedrally coordinated aluminum (Al6+) remains
nearly constant. The XMg (Mg / (Mg + Fetot)) values of the run product
amphiboles vary in a narrow range of 0.64 to 0.71. A-site occupancy (Na
and K) decreases with decreasing temperature, reﬂecting the shift of am-
phibole composition towards tschermakitic and (magnesio-) hornblende.
Consequently, the composition of amphibole can be used to represent the
degree of magma evolution.
4.4. Copper concentration in silicate melt and amphibole
As the imposed Cu activities varied between 0.0097 and 0.0218, we
normalized all measured Cu concentrations to a Cu activity of 0.0218 as
the apparent solubility for the following discussion to allow direct com-
parison of the apparent Cu solubilities from all experiments.
Absolute copper concentrations in the silicate melts ranged from
38.6 ± 1.8 to 294.0 ± 28.8 μg/g (Table 6). The apparent solubility of
Cu is nearly identical in andesite and dacite melts at high temperature
(T = 990 and 930 °C) with values of 269.3 ± 35.1 and 294.0 ±ate melts and amphibole: Experimental insight into magma evolution
.1016/j.chemgeo.2016.11.019
Fig. 3. (Na + K) cations on A site against Si (in atoms per formula unit, a.p.f.u) of run
product amphiboles. The amphibole classiﬁcation is based on Leake et al. (1997) and all
amphiboles belong to the calcic-amphibole group (Ca ≥ 1.5; Mg/(Mg + Fe2+) N 0.5 and
Ti b 0.5 in a.p.f.u). Experiments conducted with the Re-ReO2 buffer assemblage are
shown in gray and white symbols; whereas Run#28 conducted with the Ni-NiO buffer
assemblage is shown as a solid black square. Open symbols represent experiments
conducted under H2O-saturated condition.
7Y.-J. Hsu et al. / Chemical Geology xxx (2016) xxx–xxx28.8 μg/g at an fO2 of NNO+1.36 andNNO+1.71, respectively. The ap-
parent Cu solubility decreases to 112.0 ± 23.4 μg/g in the rhyolite melt
at 840 °C and an fO2 of NNO + 1.85. Moreover, at similar fO2 of
~NNO + 2.05 to +2.29 and H2O-saturated conditions, the Cu solubil-
ities are 134.5 ± 9.5 μg/g in H2O-saturated dacitic melt at 900 °C and
49.5 ± 2.3 μg/g in H2O-saturated rhyolitic melt at 740 °C. However,
the Cu concentration dissolved in the dacitic melt shows a decreasing
trend with decreasing fO2, in agreement with previous studies (Ripley
and Brophy, 1995; Holzheid and Lodders, 2001; Zajacz et al., 2013; LiuFig. 4. Apparent solubility of Cu in amphibole and quenched silicate melt. DCu (amph/
melt) values are indicated next to the data points. Data for Run #21 (H2O-rich rhyolite
melt) are not displayed as the Cu concentration in the amphibole is below the detection
limit.
Please cite this article as: Hsu, Y.-J., et al., Copper partitioning between silic
leading to porphyry copper ore..., Chem. Geol. (2016), http://dx.doi.org/10et al., 2015). The apparent solubility of Cu has a value of 91.3 ±
6.7 μg/g at 880 °C and an fO2 of NNO.
The Cu dissolution mechanism in silicate melts can be expressed as:
Cu metalð Þ þ ¥O2 gð Þ ¼ CuO½ meltð Þ ð1Þ
Previous studies suggested that monovalent Cu1+ was dominant in
both, anhydrous and hydrous andesitic melts based on the fO2 depen-
dence of Cu solubility (Zajacz et al., 2012; Liu et al., 2015). The factor
of 3.6 difference between the apparent Cu solubility measured at fO2
values of NNO and ~NNO+ 2 is consistent with this observation.
The observed Cu concentrations in amphiboles are more than one
order of magnitude lower than the concentrations in the coexisting sil-
icatemelts, and range from 3.7± 0.4 μg/g to 21.9±3.1 μg/g (Table 6). A
positive linear correlation for the measured Cu concentrations in the
amphibole and silicate melt phases is observed and illustrated in Fig.
4. This observation indicates that the solubility of Cu in amphibole and
silicate melt varies in a similar manner with temperature and fO2.
4.5. The amphibole/melt partition coefﬁcient of Cu
Nernst-type partition coefﬁcients of Cu were calculated from mea-
sured Cu concentrations in the amphibole and silicate melt (Table 6).
The partition coefﬁcient of Cu between amphibole and silicate melt
[DCu (amph/melt)] vary from 0.061 ± 0.008 to 0.089 ± 0.057, and
does not show any correlation with NBO/T or ASI values of the silicate
melt at T=990–840 °C and an fO2 of NNO+ 0 to NNO+ 2.29. The av-
erage value of DCu (amph/melt) is 0.066±0.006 calculated by the error-
weighted averagewhich account for the uncertainties of individual data
points.
5. Discussion
5.1. Factors affecting the solubility of Cu in silicate melt
Numerous experimental studies have investigated the factors affect-
ing the solubility of Cu in silicate melts. Previous Cu solubility experi-
ments were conducted in the pressure range from 0.1 to 2 GPa
(Williams et al., 1995; Frank et al., 2011; Zajacz et al., 2012; Zajacz et
al., 2013; Liu et al., 2014; Liu et al., 2015; Tattitch et al., 2015). Our
data from andesite melt (cross symbol in Fig. 6; T = 990 °C; P =
0.7 GPa; fO2 normalized to NNO + 1.84) perfectly match the data
from hydrous andesite melt at 1000 °C and 200 MPa by Zajacz et al.
(2012) at an fO2 value of NNO +1.84 (all Cu concentrations were nor-
malized to aCu = 0.0218). Therefore, we conclude that the effect of
pressure on Cu solubility in silicate melts is negligible.
Previous studies have shown that the solubility of Cu is only weakly
affected by the melt composition (Zajacz et al., 2013; Liu et al., 2015).
Our data reveal that the degree of melt polymerization, NBO/T, does
not have systematic effect on Cu solubility (Fig. 5a). Zajacz et al.
(2013) showed that the apparent Cu solubility is nearly identical in S-
free silicate melts ranging from basalt through andesite to dacite, but
slightly decreases in rhyolite at 1000 °C and 200 MPa. Similar results
have been obtained by Liu et al. (2015), who demonstrated that the sol-
ubility of Cu shows only minor variation from basaltic to dacitic melt
compositions at an fO2 of NNO+ 1. Moreover, the highest Cu solubility
in this study was observed in dacitic melt when ASI was close to 1 (Fig.
5b). By employing rhyolitic melt compositions (at 1000 °C, 200 MPa,
and fO2 ~ NNO-0.8), Zajacz et al. (2013) found that the apparent Cu
solubility moderately increased with increasing ASI value at ASI N1,
and inferred that the increase of the Cu solubility with increasing
peraluminosity above Al / (Na + K) = 1 might be the result of Cu+
charge balancing for Al3+/Si4+ substitution in the silicate melt
structure.
Zajacz et al. (2013) concluded that temperature has a more
pronounced effect on the Cu solubility than silicate melt composition.ate melts and amphibole: Experimental insight into magma evolution
.1016/j.chemgeo.2016.11.019
Fig. 5. Apparent Cu solubility in quenched silicate melts as a function of (a) NBO/T - open diamonds represent data from Zajacz et al. (2013) for intermediate to felsic S-free melt
compositions with variable NBO/T at 200 MPa, 1000 °C and NNO-0.8; and (b) ASI index (molar Al2O3/CaO + Na2O + K2O) - open diamonds represent S-free rhyolite melts at 1000 °C
and 200 MPa with various ASI values (data from Zajacz et al. (2013). For comparison, all data were normalized to a Cu activity of 0.0218.
8 Y.-J. Hsu et al. / Chemical Geology xxx (2016) xxx–xxxOur data reveal that the solubility of Cu is highest in andesitic melt
(at T = 990 °C) and drastically decreases towards rhyolitic melts
(T = 740 °C). The Cu solubility decreases by a factor of 6 from 990 to
740 °C (Fig. 6), indicating an important temperature effect, althoughFig. 6. Apparent Cu solubility in silicate melts as a function of inverse temperature.
Andesite melt (open circle; Zajacz et al., 2012) were obtained at similar T (1000 °C) and
fO2 (NNO+ 1.84) as this study, but at a pressure of 200 MPa indicating that the effect of
pressure is negligible. The apparent Cu solubility decreases as temperature decreases, in
which is consistent with data from Zajacz et al. (2013). Rhyolite melts (black crosses)
were obtained at 1000, 900 and 800 °C and 200 MPa and fO2 of NNO-0.8.
Please cite this article as: Hsu, Y.-J., et al., Copper partitioning between silic
leading to porphyry copper ore..., Chem. Geol. (2016), http://dx.doi.org/10the effects of melt composition and temperature cannot be fully sepa-
rated based on our experiments.5.2. Copper partitioning between amphibole and silicate melt
The calculated amphibole/silicate melt partition coefﬁcients of Cu
and their relations to potentially controlling physical-chemical variables
are shown in Fig. 7. The most important observation is that DCu (amph/
melt) is basically constant, independent of temperature, fO2 and esti-
mated H2O contents in the silicate melt under the conditions of this ex-
perimental study (Fig. 7a and b). Most importantly, DCu (amph/melt) is
independent of silicate melt composition, as represented by structural
and compositional parameters such as NBO/T and ASI (Fig. 7c and d).
This is in contrast with the behavior ofmost other trace elements in am-
phibole. Nandedkar et al. (2016) investigated the partitioning of a large
number of trace elements (except Cu) encompassing all relevant groups
of trace elements (Rare Earth elements, transition metals, high ﬁeld
strength elements, large ion lithophile elements, and actinides) be-
tween amphibole and silicate melt using the same starting materials
at identical pressure (0.7 GPa), fO2 conditions close to NNO and temper-
atures from 1010 to 780 °C. In their study all trace elements except Rb
(decreasing) and Sr (invariant) revealed systematically and strongly in-
creasing D(amph/melt) with decreasing NBO/T and increasing ASI as a
function of decreasing temperatures. TheMo, W andMn partition coef-
ﬁcients for example increased up to two orders of magnitude from 950
to 780 °C (Mo 0.015–0.578,W0.004–0.19 andMn1.2–10.6)withNBO/T
decreasing from 0.18 to 0.00 and ASI increasing from 0.96 to 1.20. This
demonstrates that the observed constant value of the Cu partition coef-
ﬁcient is not an artifact of cancellation between effects of melt polymer-
ization (and ASI) and of decreasing temperature along the liquid line of
descent. Nandedkar et al. (2016) found that partition coefﬁcients
D(amph/melt) increase along the liquid line of descent, because of the
combined effect of decreasing temperature and increasing polymeriza-
tion of more fractionated melts. Both factors are expected to destabilize
and exclude trace elements from themelt, but the two effects could not
be quantiﬁed individually.ate melts and amphibole: Experimental insight into magma evolution
.1016/j.chemgeo.2016.11.019
Fig. 7. Calculated partition coefﬁcients of Cu between amphibole and silicatemelt as a function of (a) temperature, (b) fO2, (c) NBO/T and (d) ASI of silicatemelt. For comparison, data from
Adam et al. (2007) and Liu et al. (2015) (only experiments with Fe loss ≤20%) are provided in addition. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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appears that also the composition of amphibole has no signiﬁcant effect
on the DCu (amph/melt). The average value of DCu (amph/melt) is
0.066 ± 0.006, and this value can be considered constant within error
for the compositional and P-T range of this study. This is a remarkable
observation, as mineral/melt partition coefﬁcients are usually rather
strongly pressure-temperature and composition dependent (e.g.
Blundy and Wood, 1994; Blundy and Wood, 2003) which is also the
case for amphibole (e.g. Tiepolo et al., 2007; Nandedkar et al., 2016).
The particular behavior of Cu may relate to the fact that the electronic
structure of Cu favors a low-coordinated environment (i.e. Cu+ and
Cu2+ contain full andnine electrons in octahedral d-orbitals, respective-
ly). Based on crystal ﬁeld theory (CFT), the octahedral crystalﬁeld stabi-
lization energy (octahedral CFSE) of the Cu ion is lower than that of
other transitionmetals (e.g. Ni2+, Fe2+ andMn2+), indicating relativelyPlease cite this article as: Hsu, Y.-J., et al., Copper partitioning between silic
leading to porphyry copper ore..., Chem. Geol. (2016), http://dx.doi.org/10low afﬁnity to bondwith oxygenwhen compared tomost other trace el-
ements commonly used in geochemistry (Orgel, 1966; White, 2013).
Comparison to previous studies
Experimental Cu partitioning data between amphibole and silicate
melt are scarce and contradictory. Previous studies on multi-trace ele-
ment partitioning reported Cu as mildly compatible (i.e. DCu (amph/
melt) = 0.14–2.33) in amphibole relative to silicate melt at 0.5–2 GPa
(AdamandGreen, 2006;Adamet al., 2007). Adamet al. (2007) obtained
the lowest DCu (amph/melt) value of 0.14 in experiments conducted at
the most oxidizing conditions (i.e. using hematite-magnetite buffer) at
1050 °C and 2 GPa (basanite melt; Fig. 7a). This may suggest that the
higher DCu (amph/melt) in experiments at low fO2 (~CCO) were an ar-
tifact of Cu loss from the silicate melt after the crystallization of theate melts and amphibole: Experimental insight into magma evolution
.1016/j.chemgeo.2016.11.019
Table 4
Composition of run product glasses.
Run no. #15 #19 #21 #28 #31 #51
Comp. Andesite Dacite Rhyolite Dacite Dacite Rhyolite
n 24 52 25 32 75 28
SiO2 52.77 (0.76) 56.34 (0.41) 61.68 (0.63) 58.33 (0.55) 57.77 (0.47) 67.29 (0.86)
TiO2 0.56 (0.10) 0.33 (0.03) 0.15 (0.03) 0.32 (0.03) 0.55 (0.06) 0.18 (0.07)
Al2O3 18.27 (1.43) 16.63 (0.35) 14.79 (0.22) 16.33 (0.13) 16.91 (0.15) 13.63 (0.48)
FeOtota 5.39 (0.64) 1.98 (0.08) 1.04 (0.26) 2.10 (0.07) 3.35 (0.13) 1.36 (0.24)
MnO 0.15 (0.04) 0.16 (0.03) 0.13 (0.03) 0.13 (0.03) 0.16 (0.03) 0.10 (0.03)
MgO 2.51 (0.44) 0.99 (0.05) 0.62 (0.30) 0.56 (0.04) 1.48 (0.12) 0.52 (0.17)
CaO 7.01 (1.03) 4.87 (0.11) 2.53 (0.20) 3.98 (0.10) 4.76 (0.10) 2.12 (0.39)
Na2O 2.91 (0.22) 3.14 (0.09) 2.93 (0.46) 3.11 (0.38) 3.52 (0.10) 3.79 (0.09)
K2O 0.97 (0.11) 1.30 (0.04) 1.52 (0.06) 1.20 (0.03) 1.39 (0.03) 2.08 (0.07)
P2O5 0.19 (0.06) 0.24 (0.06) 0.12 (0.04) 0.26 (0.06) 0.27 (0.06) 0.06 (0.04)
NiO n.d. b.d. b.d. 0.17 (0.07) b.d. n.d.
Total 90.73 (1.07) 85.98 (0.62) 85.54 (0.42) 86.48 (0.49) 90.18 (0.46) 91.12 (0.44)
H2Ob 6.5(0.2) 11.3 (0.2) 11.4 (0.7) 11.0 (0.3) 8.2 (0.2) 7.5 (0.5)
Nom. H2Oc 5.7 H2O-saturated H2O-saturated 8.9 8.2 14.0
H2O solubilityd 12.7 11.2 8.7 10.9 11.5 10.4
Mg#e 0.45 0.47 0.52 0.32 0.44 0.40
XFe2O3/XFeOf 0.572 0.699 0.996 0.383 0.721 0.809
ASIg 0.983 1.078 1.337 1.196 1.060 1.104
NBO/Th 0.16 0.04 0.00 0.01 0.07 0.01
Data are shown in wt%; one standard deviation of replicate analyses is shown in blanket.
n = number of microprobe analyses.
n.d.-: not determined.
b.d.: below detection limit.
a FeO tot considers all Fe as Fe2+.
b H2O concentrations determined by Raman spectroscopy.
c Nominal H2O concentrations were estimated by mass-balance calculation (i.e. estimation from the added H2O concentrations in the starting material and the mass proportion of run
product melt and mineral phases after the experiments).
d Water solubility was estimated from the model of Papale et al. (2006).
e Mg# =molar MgO / (MgO + FeO); all Fe as FeO.
f XFe2O3/XFeO: the calculated mass fraction ratio of Fe2O3 and FeO, in wt% (Kress and Carmichael, 1991).
g ASI = molar Al2O3 / (CaO + Na2O + K2O).
h NBO/T = molar (Na + K + 2 ∗ (Ca + Mg+Mn + Fe2+)-Al-Fe3+) / (Si + Al + Fe3+).
Table 5
Composition of run product amphiboles.
Run no. #15 #19 #21 #28 #31 #51
Comp. Paragasite Paragasite Magnesio-Hbl Tschermakitic-Hbl Paragasite Magnesio-Hbl
n 23 28 4 16 35 29
SiO2 41.10 (0.50) 40.92 (0.83) 47.18 (0.93) 43.33 (0.48) 41.20 (0.57) 46.03 (0.68)
TiO2 1.98 (0.22) 1.71 (0.15) 0.94 (0.07) 1.95 (0.15) 1.88 (0.18) 1.15 (0.12)
Al2O3 13.91 (0.49) 13.58 (0.63) 10.14 (1.71) 12.09 (0.63) 13.49 (0.48) 9.88 (0.73)
FeO 12.92 (0.48) 11.96 (0.74) 12.53 (1.04) 13.14 (0.29) 11.94 (0.43) 11.31 (0.30)
MnO 0.24 (0.03) 0.37 (0.03) 0.88 (0.22) 0.42 (0.04) 0.33 (0.02) 0.68 (0.05)
MgO 13.73 (0.32) 13.51 (0.53) 13.31 (1.48) 13.16 (0.36) 13.77 (0.49) 15.52 (0.47)
CaO 10.58 (0.40) 11.49 (0.13) 9.52 (0.53) 10.37 (0.32) 10.99 (0.15) 10.06 (0.33)
Na2O 2.26 (0.06) 2.13 (0.08) 1.49 (0.20) 1.98 (0.09) 2.25 (0.05) 1.78 (0.08)
K2O 0.38 (0.05) 0.46 (0.03) 0.34 (0.09) 0.35 (0.03) 0.43 (0.03) 0.29 (0.03)
NiO n.d. n.d. b.d. 0.19 (0.18) n.d. n.d.
Total 97.09 (0.59) 96.13 (0.64) 96.34 (0.96) 97.17 (0.46) 96.27 (0.27) 96.69 (0.51)
Number of ions on the basis 46 positive charges and Fe3+/Fetot = 0.30
Si 6.036 6.070 6.858 6.349 6.091 6.678
Al4+ 1.964 1.930 1.142 1.651 1.909 1.322
Al6+ 0.443 0.444 0.597 0.437 0.441 0.369
Ti 0.219 0.191 0.103 0.215 0.210 0.125
Fe3+ 0.476 0.445 0.457 0.483 0.443 0.412
Fe2+ 1.111 1.039 1.066 1.127 1.033 0.960
Mn 0.030 0.047 0.108 0.053 0.041 0.083
Ni 0.000 0.000 0.000 0.022 0.000 0.000
Mg 3.005 2.987 2.884 2.873 3.033 3.356
Ca 1.664 1.825 1.483 1.628 1.740 1.564
Na 0.643 0.613 0.420 0.563 0.644 0.500
K 0.071 0.087 0.063 0.065 0.080 0.053
Total 15.660 15.679 15.223 15.465 15.665 15.422
xMg 0.654 0.668 0.654 0.641 0.672 0.710
Data reported in wt%, one standard deviation of replicate analyses given in brackets.
n = number of microprobe analyses.
n.d.: not determined.
b.d.: below detection limit.
xMg =Mg / (Mg + Fetot) in cation per formula unit.
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Table 6
Calculated amphibole/silicate melt partition coefﬁcient of Cu.
Normalized to a Cu activity of 0.0218
Run no. cCu in amphibole cCu in silicate melt Nor. cCu in amphibole Nor. cCu in silicate melt DCu (amph/melt)
#15 8.5 (1.6) 131.4 (17.1) 17.4 (3.3) 269.3 (35.1) 0.065 (0.015)
#19 3.7 (0.4) 59.7 (4.2) 8.2 (0.9) 134.5 (9.5) 0.061 (0.008)
#21 b6.0 38.6 (1.8) b7.7 49.5 (2.3) b0.155
#28 5.3 (2.3) 76.9 (6.4) 5.6 (2.4) 91.3 (6.7) 0.069 (0.030)
#31 21.9 (3.1) 294.0 (28.8) 21.9 (3.1) 294.0 (28.8) 0.074 (0.013)
#51 9.0 (5.4) 100.9 (21.1) 10.0 (6.0) 112.0 (23.4) 0.089 (0.057)
AVE 0.066 (0.006)a
Cu concentrations measured by LA-ICPMS; all cCu in μg/g.
a The average DCu (amph/melt) is calculated as an error weighted average with the uncertainty given as one standard deviation.
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hanced at more reducing conditions. Recently, Liu et al. (2015) investi-
gated DCu between maﬁc minerals, Fe\\Ti oxides and intermediate to
felsic melts using Au\\Cu and Pt\\Cu alloy capsules. The values of DCu
(amph/melt) vary signiﬁcantly from 0.04–0.20; such uncertainties
may result from the not always well-controlled fO2 and the signiﬁcant
Fe loss from the experimental charge due to alloying with the Pt-
based alloy capsule. The actual fO2 during experiments was expected
to be higher in the early stage of the experiments but likely decreased
when the redox buffer assemblage was exhausted. It is possible that
the amphibole crystallized in the early stage of the experiments while
the silicate melt was continuously losing Fe for the rest of the run dura-
tion, and may have also lost Cu due to decreasing apparent Cu solubil-
ities with decreasing fO2. The Fe\\Mg exchange coefﬁcients between
amphibole and silicate melt showed a large range from 0.19–1.18,
which is inconsistent with data from the study of Nandedkar et al.
(2014) resulting a narrow range of 0.34–0.37 with one exception at
0.47. The resulting disequilibrium between amphibole and silicate
melt may artiﬁcially enhance the determined partition coefﬁcient of
Cu. Thus, we only compare those data which suffered less Fe loss (≤
20%) in Fig. 7a and b.
Analyses of amphibole phenocryst – groundmass glass pairs in vol-
canic rocks are very rare: Ewart and Grifﬁn (1994) determined DCu
(amph/melt) by proton-microprobe and reported a single value of
0.61 ± 0.13 for a high-silica rhyolite and maximum values (i.e. Cu con-
centrations in amphibole below the detection limit) for 7 other dacitic
to rhyolitic melts in the range 0.49–1.5. Considering the large beam
size and penetration depths of themethod employed (20 and 50 μm re-
spectively), it is conceivable that the single value reported is excessively
high due to contamination of amphibole analyses in the natural sam-
ples. For example, sulﬁde or silicate melt inclusions are frequently ob-
served in amphibole crystals and may have contaminated the
amphibole analysis in these studies (e.g. Halter et al., 2004a; Halter et
al., 2005; Audetat and Pettke, 2006). Dostal et al. (1983) studied basaltic
samples from the Soufriere volcano (St. Vincent, West Indies) that
underwent a series of fractional crystallization processes and reported
a low value of DCu (amph/melt) ~0.05 for amphibole phenocrysts-
groundmass matrix pairs that were obtained by separation of minerals
and matrix glass and subsequent atomic absorption analysis, which
falls very close to our experimental data. Halter et al. (2004a) found am-
phibole phenocrysts that contained maﬁc silicate melt inclusions in an-
desitic-dacitic extrusive and intrusive rocks, which suggested that these
phenocrysts were crystallized before and during magma mixing. The
concentrations of Cu were below the limit of detection in the amphi-
boles constraining a DCu (amph/melt) value of b0.6.
5.3. Geological implication
Themineral andmelt compositions of this study are typical for those
of mid to lower crustal fractionation of arc magmas, which is a critical
step in the process chain generating copper porphyry systems (Cline
and Bodnar, 1991; Rohrlach and Loucks, 2005; Heinrich and Candela,Please cite this article as: Hsu, Y.-J., et al., Copper partitioning between silic
leading to porphyry copper ore..., Chem. Geol. (2016), http://dx.doi.org/102014). The constant and small value of DCu (amph/melt) suggests that
amphibole will not sequester signiﬁcant amounts of Cu from the
magma at any time during magma genesis and evolution.
Primitive (N10wt%MgO) island arc basalts generally havemoderate
Cu contents of 75 ± 34 ppm of Cu (e.g. Richards, 2015). The concentra-
tion of Cu in the silicatemeltmay increase due to fractionation of silicate
and oxide minerals, or decrease due to sulﬁde saturation or magma
degassing. Nevertheless, for much of the magma evolution it remains
in the tens of ppm to a few hundred ppm range (Halter et al., 2004a;
Halter et al., 2005; Audetat and Pettke, 2006; Zajacz et al., 2008;
Zajacz et al., 2009). Using the DCu (amph/melt) determined here, we
predict that coexisting amphiboles contain variable concentrations in
the low ppm range, which is precisely measurable using modern in
situ analytical techniques (e.g., LA-ICP-SF-MS). For example, in this
study, the detection limits for Cu analysis in amphibole using a 30 μm
beam diameter were about 0.2 μg/g. We therefore propose that the in-
situ measurement of Cu concentrations in cumulus and phenocrystic
amphibole could be used as a tool to reconstruct the variation of Cu con-
centrations in the silicate melt during magma evolution. Provided that
no diffusive re-equilibration took place, such results will yield a ﬁrst-
hand understanding of the evolution of the Cu budget of the magma,
by observation of the co-variation of Cu and other indicative major or
trace element concentrations in amphibole phenocrysts along line pro-
ﬁles from core to rim. This may be particularly useful in intrusive rocks,
because the only alternative source of information, silicate melt inclu-
sions in minerals, are rarely preserved in plutonic rock samples. More-
over, as it is expected that our data are applicable to upper crustal
pressures as well, amphibole analysis may be used in mineral explora-
tion to assess the potential fertility of large igneous bodies for associated
hydrothermal ore formation. It should be noted that Cu is extracted by
the exsolving volatile phase during advanced crystallization of intrusive
magma bodies, therefore whole rock Cu concentrations are not neces-
sarily indicative of the original Cu budget and the Cu concentration in
the melt prior to ﬂuid exsolution. Very few amphibole analyses
reporting Cu concentrations exists in the literature (e.g. Halter et al.,
2002; Halter et al., 2004b) but ever increasing sensitivities and im-
proved gas blanks of modern LA-ICPMS facilities open the door for fu-
ture application.
Adakite-like magmas are thought to be favorable for copper ore for-
mation compared to common calc-alkaline arc magmas (e.g. Rohrlach
and Loucks, 2005; Chiaradia et al., 2012; Loucks, 2014). Trace-element
features including high Sr/Y and characteristic REE patterns are indica-
tive of amphibole fractionation in the lower crust. Amphibole fraction-
ation reﬂects evolution towards highly hydrous magmas, which then
become a more effective source of magmatic volatiles exsolving in the
upper crust. An intervening step ofmagmatic sulﬁde saturation, typical-
ly as a minor fraction of an Fe-rich sulﬁde melt, can be triggered by
magma mixing (Hattori and Keith, 2001; Halter et al., 2005) or by low-
ering of fO2 due to magnetite saturation (Jenner et al., 2010), leading to
transient sequestration of copper and other chalcophile metals. Such
processes should also be discernable by microanlysis of coexisting am-
phiboles. Exsolution of a Cl-bearing volatile phase eventuallyate melts and amphibole: Experimental insight into magma evolution
.1016/j.chemgeo.2016.11.019
12 Y.-J. Hsu et al. / Chemical Geology xxx (2016) xxx–xxxdestabilizes magmatic sulﬁde and extracts Cu, S and other pre-ore
forming components together, to generate an effective ore ﬂuid from
which Cu-bearing sulﬁdes are eventually precipitated in the hydrother-
mal vein network of porphyry copper deposits.
6. Conclusion
This study reports new and consistent partition coefﬁcients of Cu be-
tween amphibole and silicate melt with variable melt compositions,
temperatures, H2O-concentrations aswell as oxygen fugacity conditions
during mid to lower crustal fractionation of arc magmas. The most im-
portant observations are that DCu (amph/melt) is small (0.066 ±
0.006), and that it is independent of temperature, fO2 and estimated
H2O contents in the silicate melt under our P-T-X conditions. Moreover,
absence of any clear trends indicates that neither silicatemelt composi-
tion nor amphibole composition have signiﬁcant effects on the DCu
(amph/melt).
During magma differentiation, amphibole crystallizing from a calc-
alkaline silicate melt therefore does not scavenge signiﬁcant quantities
of Cu from the magma, leaving sulﬁdes as the only potential non-vola-
tile magmatic repository of Cu. Furthermore, the constant partition co-
efﬁcient allows the use of in-situ measurement of Cu concentrations
in cumulus and phenocrystic amphibole as a tool to reconstruct the var-
iation of Cu concentrations in the coexisting silicatemelt duringmagma
differentiation. Therefore, amphibole in exposed lower crustal arc se-
quences or in xenoliths can potentially be utilized to understand the
metallogenic signiﬁcance of lower to mid crustal magma storage,
whereas amphiboles in upper crustal intrusive rocks can be used to as-
sess the ore-fertility of shallow magma reservoirs.
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